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Mechanochemistry utilizes mechanical energy to promote chemical reactions to
completion. Samples ground with a ball mill are placed under consistent pressure and
temperature, which allows for increased surface area, shorter reaction times and overall
better control of reaction conditions compared to the use of a mortar and pestle.
Many synthetic techniques to prepare metal coordination compounds use a solvent. The
solvent promotes the reactions by providing a route for reagents to interact. While
solvents facilitate reactions, there is interest in reducing or eliminating solvents altogether
during the synthesis process due to potential instability of a solvent under certain
experimental conditions and costs. Solvents can also hinder the isolation of the final
product due to issues of solubility; and solvent coordination to the metal ion resulting in
the solvent needing to be removed.
Additionally, eliminating solvents can minimize safety concerns. This so-called “green
chemistry” approach to synthesis involves the development of a solvent-free method
which creates less waste, more economically and environmentally friendly.
The research investigated the use of a solvent-free methodology employing a ball mill to
synthesize metal coordination compounds using organic chelating agents, including
EDTA, DTPA, 1,10-Phenanthroline and Bipyridyl with metal cations of interest
including Cobalt(II), Nickel(II), Copper(II), and Iron(III). Additionally, the research
investigated the role reagent parameters (e.g. type of metal salt to ligand ratio, rigidity of
x

chelating agent, hydrate salts vs anhydrous salts, etc.) play in the synthesis of metal
coordination complexes. Analysis of the complexes included solid state infrared
spectroscopy, coupled with elemental analysis to characterize products formed from
reactions under ball mill synthesis.

xi

INTRODUCTION
Establishing fundamental practices within a laboratory is crucial so that research
outcomes can be determined. As is standard in experimentation, it is imperative to define
the values of parameters that will minimize the amount of waste, instrument usage, and
materials needed while obtaining the desired reactions. The International Union of Pure
and Applied Chemistry (IUPAC), defines mechanochemical reactions as “a chemical
reaction that is induced by the direct absorption of mechanical energy.” 1 These are
chemical reactions that occur when grinding or milling of reactants is used to produce
products in very small samples, with very little to no solvent involved.2 Observing
chemical reactions between solids through the process of mechanical grinding has taken
great strides throughout history and is continuing to be developed with the invention of
better technology such as orbital ball mills. Using visual observations, solid-state infrared
spectroscopy, and elemental analysis, reactions with metal salts can be consistently
observed and analyzed. Reactions of metal salts with organic ligands can then be
observed and compared to determine their reactivity between one another. Performing
these reactions using a solvent-free approach will also be a safer, more cost-effective way
to synthesize coordination compounds.3
A. Mechanochemistry in the Laboratory
The practice of being able to promote the reaction of two or more solids with one
another has been documented for centuries.3 The scientific concept that the
transformation of materials due to mechanical stressing was probably not considered
by the participants, but the changing and transforming of materials has been
documented across many cultures. Grinding and pulverizing allotments of foods,
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dyes, medicines, weaponry, and other items with a mortar and pestle to produce
smaller particulates for easier manipulation was used in the time of Aristotle.4 The
process of adding mechanical energy to transform objects was used across many
facets in daily life; therefore, due to its lack of specificity, a general name for this
type of science was not initially labeled. The broad application of the grinding
process itself continued to increase in acceptance across various cultures, and
eventually moved into the laboratory, paving the way to connect the scientific
concepts of chemical changes, reactions, and mechanical energy with the grinding.
In 1827, Faraday was one of the first to document using a mortar and pestle to react
zinc with silver chloride to determine if an acid was needed to isolate silver.5 Other
publications continued to mention the use of grinding with mortar and pestle during
their experiments, but it wasn’t until the 1880’s when M. Carey Lea primarily
focused his research on how the mechanical force was a contributing factor in
describing the phenomenon occurring during photography, specifically with the
decomposition of silver chloride.6 He was the first scientist to describe how
mechanical grinding affects the outcome of reactions, as well as the production of
heat which also manipulates products. His work on this subject earned him the name
“father of mechanochemistry.”7 In 1919, scientist Friedrich Wilhelm Ostwald
advocated that mechanochemistry be acknowledged as its own distinct branch of
science, along with thermochemistry, electrochemistry, and photochemistry. Ostwald
defined mechanochemistry as “a branch of chemistry dealing with the chemical and
physic-chemical changes of substance in all states of aggregation.”6

2

The study of reacting solids has been modified over the years, but the idea that two
solid substances require additional energy for them to react has remained consistent.
Mechanochemistry describes the method in which machines, ranging from a simple
mortar and pestle to a complex machine such as a high energy ball mill, force
chemical reactions to occur. The modern development of this science began in the
1960s with the organization and establishment of the study of metal alloying. It did
not, however, have much advancement until the last 20 years with the sudden push
for more environmentally friendly requirements within the scientific community.8, 9
The success of the method of reacting solids via mechanical grinding, pulverizing or
crushing is also so broad that the generic methodology is used for various fields of
study including but not limited to chemistry, geology, pharmaceuticals, food and
agriculture.10
B. The Evolution of Mechanical Grinding to Ball Mills
Early in the 19th century, most mechanical grinding took place with a mortar and
pestle (Figure 1). While some reactions can occur with the physical grinding of
reactants using a mortar and pestle, many factors such as pressure, consistency, and
pure stamina varied within experiments. It was difficult to keep experimental
variables consistent between trials. Supplemental methods were mentioned and used
in other sciences to create chemical reactions by applying mechanical stressing.
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W. Spring, a chemist from
Belgium, who primarily studied
minerals, developed a lever-type
press consisting of a piston that
created up to 6000 atmospheres
of pressure. The high-pressure
stress on minerals allowed for
chemical changes to occur
Figure 1. A typical ceramic mortar and pestle.11

within his experiments.8 This
type of machine improved the

ability to increase the pressure but maintaining that pressure consistently over time
still had not been developed.
It was not until 1923 that the first motorized tumbler mill was designed for
laboratories and commercial use (Figure 2). The first prototype of the electric
tumbler mill retained the concept of the mortar and pestle; in which a vessel (mill)
would hold the substance and balls, pebbles, or rods (pestles) would pulverize the
substance into a fine powder. The force from which the balls obtained their energy in
the motorized mill was gravity. The balls, heavy and fairly large, would roll around
in the mill and eventually drop onto the minerals and rock, therefore crushing it into
smaller particles.
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For the balls inside
the mill to obtain
sufficient energy
through gravity, the
mill would have to
be rather large in
size. This
eliminated the

Figure 2. Illustration of a tumbler mill design.12
initial prototype of the motorized mill to be available for laboratory use but lent a
hand in commercial work. It was not until around 1960 that the tumbler mill was
redesigned to a smaller size for use in the laboratory.7
Since the laboratory grade shaker mills were much smaller compared to the size of
the tumbler mill, they could not depend on the force and acceleration gravity
attributed to the pestles within the mill to promote grinding that the larger tumbler
mills used in prototypes beforehand. The rate at which the tumbler mill rotated was
increased to help offset the decrease in volume where the pestle could move within
the mill. While the pestles could not move as freely due to the limited space, the
increase in speed from the electric mill allowed for the pestles to grind the reactants
within the internal vessel.
Speed and size of the shaker mill was not the only change, but the direction at which
the mill would shake or move also was modified (Figure 3).
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Figure 3. Comparison of how grinding/movement occurs in the a. tumbler mill,
b. shaker/mixer mill, and c. planetary mill.13

Two varied motions seemed to be preferred, depending on the type of sample being
analyzed. One motion replicated the spinning of a centrifuge, spinning in either a
clockwise or counterclockwise direction; the other shaking motion primarily moved
left, right, up, and down in a “figure-eight” motion (Figure 4). The two types of
shaking motions led to two different lab grade mills being manufactured in 1961.15
The Fritsch Company developed the planetary ball mill with the centrifuge motion,
while Crescent Manufacturing created the first shaker mill (Wig-L-Bug®), which
moved in the “figure-eight” motion. 7, 10

a.

b.

Figure 4. Comparison of the rotation of the a. planetary ball mill and the
b. shaker mill machine.14
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Currently, shaker mills and planetary ball mills are still the two most common types
of ball mills used. Modernization of both types of ball mills has occurred with the
advancement in technology. The specificities of the milling frequency, time,
pressure, and temperature can be regulated in a more controlled environment, creating
more consistent outcomes in reactions. Shaker mills (also known as mixing mills or
ball mills15) are chosen for reactions with smaller sample sizes (50 mg – 5 g) and are
faster in producing reactions compared to planetary mills. Planetary mills are used
for larger sample sizes, making them more conducive to industrial work.3
Compared to using a mortar and pestle, the ability to control the frequency, speed,
direction, and time of the sample in a ball mill has allowed scientists to get more
accurate results from experiments. Also, the high energy environment that has been
created within the vial due to the more frequent collisions between the ball pestles
results in much quicker reaction times. All these factors contribute to the idea that
mechanochemistry is promoting a cleaner and safer environment for reactions to
occur.16
C. A Cleaner and Safer Method of Chemistry
The interest in developing a method in which mechanochemistry is performed in a
solvent-free environment is becoming more and more popular. Currently, scientists
are more invested in creating greener, cleaner reactions when combining solids with
one another. The elimination of solvents within a reaction can lead to many positive
outcomes when analyzing reactions. These outcomes can include creating a safer,
less volatile laboratory conditions, lowering the cost of experiment, and reducing the
potential interferences in the analyses produced by the use of solvents; all of which
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can be motivation to try to eliminate solvents all together.17 The idea of using
solvents to progress chemical reactions is another timeless and common method in
most laboratories. Due to the addition of a solvent in a chemical reaction, a
molecular liquid mobility is added that will assist a chemical reaction to completion
at a faster rate. Since most laboratories use some form of solvent in their research,
many outcomes have to be taken into account after the reaction has been completed.
Some of these factors include removing and disposing of solvents after use, the
volatility of the solvent, and the cost of solvents required for reactions to take place.
Further evaluation is needed to develop methods that would minimize the use of
solvents, or even eliminate them altogether.
Author John Warner and Paul Anastas focused on the idea of how to promote the idea
of “Green Chemistry” within a laboratory setting. According to the authors, Green
Chemistry is “the invention, design, and application of chemical products and
processes to reduce or to eliminate the use and generation of hazardous substances.”18
Warner and Anastas co-authored a book entitled “Green Chemistry: Theory and
Practice,” which serves as the foundation for creating and maintaining principals that
are environmentally friendly. They highlighted 12 principles of green chemistry, to
allow revisions of old methods or recreations of new scientific methods which will
make improvements in the environmental impact chemical laboratories have.18 They
emphasize that not all 12 principles can be used for every method, but using as many
of these principles as a guide to choose the method of reaction is beneficial. These
guidelines have been acknowledged and promoted by the American Chemical Society
as a goal for all scientists to strive for in future investigations.
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The use of electric mills limits variables such as the use of solvents, while increasing
the frequency of mechanical grindings for solids at shorter reaction times. Due to the
nature of this, many of the principles described above are maintained with the use of
mechanochemistry to achieve products in given reactions. A complete list of the 12
principles of green chemistry, with a brief description can be found in Appendix A.
D. A Solvent Free Approach
Eliminating the use of solvents can have a great benefit toward the overall outlook of
experiments. Not only does the waste that solvents create become problematic, but it
can also become very expensive. Making sure that solvent is available as well as
removed when used can be cause for problems when performing experiments. Also,
some solvents used within the laboratory can be considered volatile, especially when
they interact with specific chemicals. The hazard that this can create also causes
alarming concern when trying to complete a chemical reaction. Eliminating solvents
consequently can result in better data due to the lack of interference that can occur
during reactions. All these factors have created a push to try to find solutions toward
a more solvent-free environment.19
In mechanochemistry, it is assumed that little to no solvents are used. However, is
not true in all cases; some reactions require assistance from solvents to drive them to
completion. Most of the time the addition of solvents is not intentional but could
already be present in the solids being reacted, as well as small amounts of moisture
from the atmosphere. It is also noted that when products are obtained when solvents
are present, they often need to be purified. This process still involves a solvent,
which is included in the mechanochemistry process.20 While instances where solvents
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sometimes assist in the completion of reactions described above, both reactions would
be considered as green chemistry, as principles such as atom economy, less hazardous
chemical syntheses, design for energy efficiency and catalysis are followed.17
E. Metal Coordination Complexes
Mechanical energy produced during the grinding process may be coupled with other
factors which promote the reaction going to completion. For metal coordination
complexes to form, whether it be in solution or by mechanical grinding, the nature of
both the metal ion and the ligand forming the complex is considered. These includes
the oxidation state and size of the metal center. This is reflected in the IrvingWilliams series for first-row transition metals. The nature of the ligand also can
impact stability. In general, the more basic the ligand, the more easily the lone pair of
electrons can be donated. Lastly, as the size of the ligand increases, steric effects
become more important. All of these can influence orientation, geometric
arrangement, and the number of ligands coordinated to the metal center. Each of these
four factors can be modified singularly to promote the desired reaction going to
completion.
First row transition metals have the tendency to form six-coordinate, octahedral
complexes with interacting ligands. This is due in part to the presence of electrons
within their d-orbitals. The octahedral arrangement of ligands around the metal
center leads to a stability in the complex reflected in the crystallization field
stabilization energy. The overlap of ligand orbitals with the partially filled d-orbitals
on the metal center can decrease the overall charge on the metal center, creating a
more stable complex. This is referred to as a metal-ligand charge transfer (MLCT).21
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Some ligands have the ability to donate multiple pairs of electrons. This can increase
the likelihood of the ligands coordinating to the metal center through the chelate
effect. Bidentate ligands such as 1,10-phenanthroline and 2,2’-bipyridine are
examples of good chelating agents. In the literature, both reagents have been
frequently documented acting as a common ligand in various types of reactions.22
1,10-phenanthroline is commonly found in herbicides, pharmaceuticals as well as
analytical probes.23 It is a rigid, planar structure consisting of three aromatic rings,
with a nitrogen atom positioned at the 1- and 10-carbon position (Figure 5).

a.

b.

Figure 5. Molecular structure of 1,10-phenanthroline in a. 2D and b. 3D model.24
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2,2’-bipyridine is similar in shape and structure to 1,10-phenanthroline. It is
composed of two aromatic rings, connected by a single bond, with a nitrogen atom
positioned at the 2- and 2’-carbon position (Figure 6). 2,2’-bipyridine is naturally
found in tobacco but can also be found in various herbicides and pharmaceuticals.25

b.
a.
Figure 6. Molecular structure of 2,2’-bipyridine in a. 2D (cis-configuration) and b.
3D model (trans-configuration).24
According to solution chemistry literature, the number of ligand molecules that can
coordinate to the metal center can range from one to three. Both 1,10-phenanthroline
and 2,2’-bipyridine commonly prefer an octahedral geometry in solution reactions,
when the ligand to metal ratio is 3:1. Consequently, it is predicted that using
mechanochemical grinding with a ligand to metal ratio of 3:1 will result in the
complex having an octahedral shape (Figures 7 & 8).26
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a.
b.
Figure 7. Modeled geometry for the 1,10-phenanthroline ligand (grey/blue)
coordinated to the metal center (green) forming an octahedral shape complex shown
in the a. wire frame model and b. ball and stick model.27

a.
b.
Figure 8. Modeled geometry for the 2,2’-bipyridine ligand (grey/blue) coordinated to
the metal center (green) forming an octahedral shape complex shown in the a. wire
frame model and b. ball and stick model.27

13

EXPERIMENTAL DESIGN
A. Determination of Experimental Parameters
It is known that certain metal salts can react with various inorganic and organic
reagents if placed under the correct parameters or conditions, using limited or no
solvent during the reaction. The conditions in which the reaction takes place must
constitute the correct circumstances to create sufficient kinetic/mechanical energy and
provide sufficient volume for collisions to occur. A Wig-L-Bug was proposed as a
means of inducing a chemical reaction between various transition metal salts and
organic ligands, but the experimental parameters needed to be established.
I. Establishing the Parameters
A mixing mill, specifically a heavy-duty Wig-L-Bug 30® mixer/grinder machine
(Figure 9), was selected and used during the experiments. This type of mixing
mill is designed for
reactions with small
sample sizes and
accommodates vials
with a length of 2.54
cm, and a diameter

a.

b.

of 1.27 cm. The

Figure 9. Wig-L-Bug® used during synthesis: a. side
view, b. front view.

internal volume
within the vials vary based on its composition. The Wig-L-Bug shakes the sample
with a simultaneous up-down, left-right motion, ultimately creating a path similar
to a shallow figure eight.
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The shaking of the sample stays consistent while the Wig-L-Bug is operating,
allowing the rate of collisions within the vial to remain constant. One way to
modify the total number of collisions is to increase or decrease the amount of time
the sample shakes in the ball mill.
Initially sodium chloride was substituted for the metal salts of interest to test each
of the parameters described below. Sodium chloride was selected due to its
chemical inertness and inexpensive cost. These trial runs also established safety
protocols such as loading/unloading vials and samples, and shaking of vials.
1. Vial Selection: A reaction vessel consists of a vial and pestle for the
mechanical grinding to take place. The following vial/pestles were considered:
a polystyrene vial, with a 3.1 mm plexiglass pestle, a stainless-steel vial with a
6.3 mm stainless-steel pestle, and a PTFE vial with a 6.1 mm agate ball pestle
(Figure 10). Measurements of individual vials and pestles can be found in
Table 1.
Initially, the PTFE
vial was preferred due
to the chemical
inertness of the vial
and agate pestle. The
likelihood of the vial
and agate pestle
interfering and

Figure 10. The figure above shows the vials in
consideration for synthesis and their corresponding
pestles: (left to right) a stainless-steel vial with
stainless-steel pestle, a PTFE vial with agate pestle,
and a polystyrene vial and plexiglass pestle.

contaminating the
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reactants that are grinding within the vessel is lower in the PTFE vial
compared to the stainless-steel vial. Unfortunately, even though the outer
dimensions of all three vials are identical, the PTFE coating resulted in thicker
walls, therefore reducing the internal volume to less than one milliliter. The
composition of the walls of the polystyrene vials and the stainless-steel vials
are thinner, providing a larger internal capacity for a reaction to occur (Figure
11).

a.
b.
c.
Figure 11. The figure above shows the comparison of the wall
thickness for the a. polystyrene vial, b. stainless-steel vial, and
c. PTFE vial.

The available internal volume of the PTFE vial is further reduced by the
addition of the agate pestle. The volume available for mixing is again reduced
when the reactants are placed inside the vial. Even though the PTFE vial
yielded the least amount of chemical interference due to its composition, the
overall limited space ultimately eliminated the ability to synthesize reactions
in the PTFE vial.
The polystyrene vial was the second vial chosen for consideration. While this
vial permitted the largest internal volume for the reaction to occur, the kinetic
energy that can be produced from the small plexiglass pestles would be
16

significantly lower due to the volume and mass. This vial choice was also
most cost-effective. Additionally, the plexiglass vials were found to be useful
when storing, cleaning, and transferring samples after synthesis. While
reagents seemed to have more than enough room to react within the vials, the
reagents did not have sufficient energy with the assistance of mechanical
grinding to go to completion. After the addition of a second small plexiglass
pestle, there was still insufficient energy to drive the reaction to completion.
Understanding that the kinetic energy produced by the motion of the pestles is
converted to mechanical energy (grinding between the pestles and reagents)
within the system increasing the rate of reaction. The stainless-steel vial and
pestle was preferred due to its ability to promote high energy collisions. The
stainless-steel pestle is greatest in mass of the three, making the kinetic energy
greater compared to the other two type of pestles. While potential
contamination from the stainless-steel vial and pestle was initially a concern,
it was concluded based on the results of elemental analysis of the products
that contamination from the vial and pestle was not indicated. After
consideration of the parameters, available reaction volume, kinetic energy and
chemical inertness, the stainless-steel vial and pestle was selected. Special
measures were followed to ensure the condition of the stainless-steel vial and
pestle did not degrade during multiple trials. It was washed and dried
thoroughly after each synthesis and stored in dry locations. This reduced the
chances of the vial and pestle corroding and contaminating the reagents during
the grinding process.
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PTFE Vial

Polystyrene
Vial

Stainless-steel
Vial

Composition of
Pestle

Agate

Plexiglass

Stainless-steel

Mass of Pestle

0.311 g

0.018 g

1.012 g

6.11 mm

3.14 mm

6.28 mm

1

2

1

Volume of Pestle

119 mm3

32.4 mm3

130. mm3

Wall Thickness
of Vial

1.18 mm

0.98 mm

0.77 mm

Height of Vial

20.81 mm

25.41 mm

24.20 mm

Diameter of
Pestle
Number of
Pestles Used

Inside Diameter
8.00 mm
11.57 mm
11.08 mm
of Vial
Internal Volume
1046 mm3
2672 mm3
2333 mm3
of Vial
Internal Volume
0.90 mL
2.64 mL
2.20 mL
Available
Table 1. Physical dimensions of vials and accompanying pestle
for consideration to be used during reactions.

2. Number of Pestles: When observing the PTFE vial and accompanying agate
ball pestle, it was determined that only one pestle could be used at a time in
order to have sufficient internal volume for the reagents to be added. This
statement is also true of the stainless-steel vial and pestle. Both vials with
accompanying pestles demonstrated a uniform consistency of the salt after
grinding occurred. It was proposed that the use of two plexiglass balls within
the polystyrene vial would increase the number of collisions during grinding,
and ultimately help drive the reaction to completion. While adding more
pestles to the vial for the reaction can increase the number of collisions
between the pestles and the reagents, the internal volume in which the reaction
18

can occur will decrease. Trials were conducted to determine if the remaining
volume was large enough for the sample to be ground into a consistent
powder. This was the indicator that the pestles had an acceptable amount of
internal volume with the sample to adequately grind. After grinding the metal
salts with two plexiglass balls within the polystyrene vial, the consistency was
the same throughout.
3. Reaction Time: After determining the type of vial and the number of pestles to
accompany the vials, the length of the time of reaction was determined.
Samples were run at five-minute increments until the entire sample was
consistent in particle size throughout. It was observed that after 15 minutes,
with all types of reagents used, the entire sample was ground to the same
consistency ultimately setting this parameter.
II. Determining the Mass of Reagents Used
Optimum sample size had to be determined to allow for sufficient free volume
within the vials for the reactions to go to completion. The sample also had to be
large enough to be extracted from the vials for later analysis and manipulation.
First, 100 mg of sodium chloride salt was added to the PTFE vial. The PTFE vial
was used to set this parameter because it had the smallest internal volume of the
three vials, therefore making it the limiting factor. The sample was ground for 15
minutes, using the agate pestle. After extracting the sample from the vial,
qualitative observations were made. The grinding of the metal salt rendered a
product that was extremely fine and thus much reduced in volume. It was difficult
to collect complete observations about the small sample. Larger sample sizes
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were required in order to extract the sample and run future analysis on the
product. A 500 mg sample was then added to the PTFE vial with the agate pestle
and ground for 15 minutes. The product amount was adequate to qualitatively
observe the outcomes of the grinding. The concern, however, was adding the
second reagent to the salt, to promote a reaction. The addition of the second
compound further limits the internal volume within the vial for the reaction and
grinding to occur. A third volume was then considered. 250 mg of salt was then
ground in a PTFE vial.

After 15 minutes of grinding, the sample was extracted.

The sample powder had the same consistency throughout, and the sample volume
was large enough for use in further analysis. Thus, 250 mg of salt was chosen for
future reactions.
B. Reactions for Consideration
I. Metal Salts
Proposed outcomes using mechanical grinding would be based upon initial
qualitative analysis. First row transition metals, which tend to exhibit a distinct
color change during reactions, can be a quick indicator if mechanical grinding is
successful. Transition metals also have a higher tendency to coordinate with
chelating agents quickly and efficiently. Metal salts that were chosen specifically
during this research included cobalt(II) chloride hexahydrate, copper(II) chloride
dihydrate, iron(III) chloride hexahydrate, and nickel(II) chloride hexahydrate.
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II. Ligands
1,10-phenanthroline was chosen as the initial ligand for reactions. This chelating
agent has been used previously to successfully react with these metal salts in the
presence of a solvent, thus prompting an inquiry if the same reactions could occur
without the mediation of a solvent.28 Investigating reactions that are known to go
to completion in solution can allow us to make predictions about possible
complexes formed during mechanochemical reactions. While 1,10-phenanthroline
is known for its structural rigidity, it was questioned if less rigid ligands would
react under mechanical grinding conditions. 2,2’-bipyridine, while very similar in
structure, is less restricted due to its single bond between the two pyridine
molecules.
III. Molar Ratios
The literature shows that both 1,10-phenanthroline and 2,2’-bipyridine can form
metal complexes with ligand to metal ratios of 1:1, 2:1, or 3:1 in solution. It is
also known that increasing the ligand to metal mole ratio of samples prepared in
solution will promote the coordination of more ligands around the metal center
often leading to color changes in the products. With this in mind, ligand to metal
ratios of 1:1, 2:1, and 3:1 were chosen for investigation. 23
C. Refining Experimental Parameters
After instrumental parameters such as vial (stainless-steel with stainless-steel pestle),
run time (15 minutes), amount of sample (250 mg of metal salt with accompanying
ligand mass), metal salts and ligands were chosen, samples were placed in the Wig-L-
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Bug and syntheses of the complexes were initiated. Almost immediately, color
changes were observed indicating a reaction had occurred.
After successful color changes suggesting a reaction with both chelating agents
mentioned above, additional ligands were introduced and reacted with metal salts.
Those ligands were ethylenetriaminetetraacetic acid disodium salt (EDTA) and
diethylenetriaminepentaacetic acid (DTPA) These molecular structures are shown
below (Figure 12). Additionally the metal salts, cobalt(II) nitrate hexahydrate,
copper(II) nitrate trihydrate, and nickel(II) nitrate hexahydrate were introduced for
mechanochemical synthesis.

a.
b.
Figure 12. Molecular structure of a. ethylenediaminetetraacetic acid disodium
salt dihydrate (EDTA) and b. diethylenetriaminepentaacetic acid (DTPA).24

D. Synthesis
Various ratios of ligand-metal salt samples were prepared. Each sample was placed
in a stainless-steel vial, with accompanying stainless-steel pestle. It was then ground
in the ball mill for 15 minutes before being extracted. Table 2 below shows masses
of the various samples that were reacted.
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Ethylenediaminetetraacetic
acid disodium salt
dihydrate

Diethylenetriamine
Pentaacetic Acid

2,2’-Bipyridine

1,10-Phenanthroline

LIGAND
METAL =
0.250 g

Molar
Ratio

Ligand
Mass

Molar
Ratio

Ligand
Mass

Molar
Ratio

Ligand
Mass

Molar
Ratio

Ligand
Mass

1 to 1

0.1894g

1 to 1

0.1641g

1 to 1

0.4133g

1 to 1

0.3911g

1 to 2

0.3787g

1 to 2

0.3282g

1 to 3

0.5681g

1 to 3

0.4923g

Cobalt(II)
Nitrate
Hexahydrate

1 to 1

0.1548g

1 to 1

0.1342g

1 to 1

0.3379g

1 to 1

0.3198g

1 to 2

0.3096g

1 to 2

0.2683g

1 to 3

0.4644g

1 to 3

0.4025g

Copper(II)
Chloride
Dihydrate

1 to 1

0.2643g

1 to 1

0.2290g

1 to 1

0.5768g

1 to 1

0.5459g

1 to 2

0.5285g

1 to 2

0.4581g

1 to 3

0.7928g

1 to 3

0.6871g

Copper(II)
Nitrate
Trihydrate

1 to 1

0.1865g

1 to 1

0.1616g

1 to 1

0.4070g

1 to 1

0.3852g

1 to 2

0.3730g

1 to 2

0.3232g

1 to 3

0.5594g

1 to 3

0.4848g

Iron(III)
Chloride
Hexahydrate

1 to 1

0.1667g

1 to 1

0.1445g

1 to 1

0.3638g

1 to 1

0.3443g

1 to 2

0.3334g

1 to 2

0.2890g

1 to 3

0.5000g

1 to 3

0.4334g

Nickel(II)
Chloride
Hexahydrate

1 to 1

0.1895g

1 to 1

0.1643g

1 to 1

0.4137g

1 to 1

0.3915g

1 to 2

0.3791g

1 to 2

0.3285g

1 to 3

0.5686g

1 to 3

0.4928g

Nickel(II)
Nitrate
Hexahydrate

1 to 1

0.1549g

1 to 1

0.1343g

1 to 1

0.3382g

1 to 1

0.3200g

1 to 2

0.3099g

1 to 2

0.2685g

1 to 3

0.4648g

1 to 3

0.4028g

Cobalt(II)
Chloride
Hexahydrate

Table 2. Mass calculations for metal salt and ligand samples. 0.250 g of metal salts
were weighed, with accompanying ligand mass according to stoichiometric
calculations.
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RESULTS AND DISCUSSION
A. Synthesis Considerations
Parameters were determined before samples of metal salts and ligands were ground,
however, unforeseen outcomes occurred that triggered the re-evaluation of specific
samples and techniques. For instance, some samples would seem to have ample
internal volume for grinding to occur, certain metal salt/ligand combinations resulted
in incomplete grinding and the “products” sticking to the sides of the vial. These
“products” were a mixture of reacted and unreacted reagents (Figure 13).
Samples would then have to
be scraped off the walls of
the vials and reloaded into
the ball mill for the synthesis
to continue. This resulted in
the run time for reaction
being interrupted, which
could possibly change the
outcome of the reaction.
Inconsistent colors also

Figure 13. Example of an incomplete reaction.

occurred in some samples after reaction. Most of these samples varied in shades of
the same color. Additional grinding did not result in samples with a homogeneous
color (Figure 14). The run time was increased to see if improvement in consistency
would occur but was found to be inconclusive.
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Figure 14. Example of a heterogeneous
product after grinding.
A third observed result was that after specific metal salt/ligand combinations were
ground for 15 minutes, the resulting products had a “tacky/gummy/taffy” like
consistency (Figure 15). This is in stark contrast from the dry, powdery consistency
that both the metal salt and ligand exhibited initially.

Figure 15. Sample product showing
“gummy” consistency after grinding.
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Lastly, correct loading of the vials within the ball mill was crucial to maintaining the
upkeep of the Wig-L-Bug. Two arms on either side of the vial were responsible for
keeping the vial secure while it shook. The vial was attached to the arms through a
small screw, acting as a tightening clamp. If the screw was over-tightened, too much
stress would be placed on the arm, causing it to break during the shaking motion
(Figure 16). The correct tightening of the screw to hold the vial onto the ball mill was
crucial in making sure that the vial stayed in place, as well as keeping the components
of the ball mill intact. Due to this safety consideration, an additional plexiglass shield
was later placed in front of the ball mill in case a malfunction of the arms occurred
forcing samples to be thrown out of the ball mill into the environment.

a.

b.

Figure 16. a. Broken Wig-L-Bug arm during grinding. b. tightening
screw that secures onto Wig-L-Bug.

B. 1,10-Phenanthroline with Metal Salts
Once grinding of the metal salts and 1,10-phenanthroline was complete, samples were
removed from the stainless-steel vial and qualitatively observed. Comparing the
initial color of the metal salt with the product obtained after grinding shows a distinct
color change. For example, in Figure 17, the observed color change between the red-
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purple cobalt(II) chloride hexahydrate and the orange 3:1 ligand/metal ratio product is
shown.

Figure 17. Comparison of initial color of metal salt with that
of product obtained after grinding.

Figure 18 summarizes the color changes which were observed for the studied
syntheses.

Figure 18. Qualitative results after grinding of 1,10-phenanthroline and metal salts at
1:1, 2:1, and 3:1 ratios. All samples were ground in a stainless-steel vial for 15
minutes.
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Reactions of ligands with metal salts are often accompanied by a distinct color change.
Likewise, the observed color changes in the products through grinding suggest that the
ligand has coordinated to the metal center to some degree. Additionally, when the ratio of
ligand to metal is changed for a specific metal salt, color changes between the products
are observed. For example, when the ligand to metal ratio is adjusted from 1:1, 2:1, to
3:1 using lime-green nickel(II) chloride, the observed color varies from light blue to
purple to pink, respectively, as seen in Figure 19.

Figure 19. Qualitative observations of products after nickel(II) chloride and 1,10phenanthroline were ground for 15 minutes in stainless-steel vial.

These observations also infer that changes in the coordination sphere of the metal center
are occurring during the grinding process. The changes in the coordination sphere of the
metal are likely due to one or more of the following: 1) coordination of the ligand to the
metal center, 2) addition or removal of water molecule(s), and/or 3) addition or removal
of counter ions. Further analysis would need to be performed on the samples to gain
further insight of the specific structural changes of the complexes.29
Solid state infrared spectroscopy and elemental analysis were performed on the samples
to confirm coordination of the ligand and overall stoichiometric ratios. According to
literature, coordination of the ligand has occurred for 1,10-phenanthroline complexes if
changes are observed in the region at either or both 720 cm-1 and 850 cm-1 in the IR
28

spectrum for products isolated from solution reactions.30 It was hypothesized that similar
shifts would be expected after mechanical grinding. Shifts in the IR spectra for the
various samples were observed as seen in Figure 20. For example, comparing the IR
spectrum of (Figure 20a.) uncoordinated 1,10-phenanthroline in the regions of 701 cm-1 731cm-1 and 844 cm-1 - 853 cm-1 with the (Figure 20b.) 3:1 ligand to metal salt ratio
product with cobalt(II) chloride hexahydrate, showing only two peaks at 723 cm-1 and
845 cm-1.
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a.

b.

c.

d.

e.

f.

g.

Figure 20. Solid state infrared spectra for a. 1,10-phenanthroline, followed by 1,10phenanthroline coordination compounds complexes at a 3:1 ligand/transition metal
ratio for b. cobalt(II) chloride hexahydrate, c. cobalt(II) nitrate hexahydrate,
d. copper(II) chloride dihydrate, e. copper(II) nitrate trihydrate, f. nickel(II) chloride
hexahydrate, and g. nickel(II) nitrate hexahydrate.

30

To investigate the coordination of 1,10-phenantroline as the ligand to metal ratio is
increased, solid state IR spectra were obtained for ratios of 1:1, 2:1, and 3:1 (Figure 21).
Inspection of the IR spectra of the cobalt(II) chloride products, as the ligand to metal ratio
is varied, show similar shifts in the regions at 720 cm-1, and 840 cm-1. Peaks in the region
for the uncoordinated 1,10-phenanthroline are not observed. In conjunction with the
observed color changes, it is concluded that the 1,10-phenanthroline is coordinating to the
metal center. Similar results are seen with nickel(II) nitrate products, as the ligand to
metal ratio is varied.
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a.

b.

c.

d.

e.

f.
g.
Figure 21. Solid state infrared spectra for a. 1,10-phenanthroline, followed by 1,10phenanthroline coordination compound complexes with cobalt(II) chloride hexahydrate
for b., d., and f., at 3:1, 2:1, and 1:1 ligand/metal ratio, respectively. 1,10phenanthroline coordination compound complexes with nickel(II) nitrate hexahydrate
for c., e., and g., at 3:1, 2:1, and 1:1 ligand/metal ratio, respectively.
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Elemental analysis of the 3:1 metal salt to ligand ratio samples were performed as an
additional confirmatory test to compare composition of samples (Table 3). The samples
were analyzed twice, and then compared to the theoretical composition of the metal
complex. The elemental analysis shows the experimental values are close to the
theoretical values.

Experimental

Ligand/Metal Compound (3:1 ratio)
CoCl2 ● 6H2O with 1,10-Phenanthroline

1.
Theoretical

CoCl2 ● 6H2O with 1,10-Phenanthroline

Experimental Co(NO3)2 ● 6H2O with 1,10-Phenanthroline
2.
Theoretical Co(NO3)2 ● 6H2O with 1,10-Phenanthroline
Experimental

CuCl2 ● 2H2O with 1,10-Phenanthroline

3.

%C

%H

%N

55.2

4.6

10.6

55.1

4.6

10.7

55.5

4.7

10.8

56.5

3.6

14.7

57.7

3.6

14.6

56.9

3.7

14.8

54.9

4.3

10.9

55.0

4.4

10.9

Theoretical

CuCl2 ● 2H2O with 1,10-Phenanthroline

60.8

4.0

11.8

Experimental

NiCl2 ● 6H2O with 1,10-Phenanthroline

55.5

4.7

10.8

55.0

4.7

10.8

NiCl2 ● 6H2O with 1,10-Phenanthroline

55.6

4.7

10.8

Ni(NO3)2 * 6H2O with 1,10-Phenanthroline

57.3

3.4

14.9

56.8

3.6

14.9

56.9

3.7

14.8

4.
Theoretical
Experimental
5.
Theoretical

Ni(NO3)2 * 6H2O with 1,10-Phenanthroline

Table 3. Elemental analysis on metal coordination complexes. 1,10-phenanthroline was
reacted with metal salts at a 3:1 ratio for 15 minutes in a stainless-steel vial.
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C. 2,2’-Bipyridine with Metal Salts
Once grinding of the metal salts and 2,2’-bipyridine was complete, samples were
removed from the stainless-steel vial and qualitatively observed. Comparing the
initial color of the metal salt with the product obtained after grinding shows a distinct
color change. For example, in Figure 22, the observed color change between the
lime-green nickel(II) chloride hexahydrate and the pink 3:1 ligand/metal ratio product
was observed.

Figure 22. Comparison of initial color of metal salt with that
of product obtained after grinding.

Figure 23 summarizes the color changes which were observed for the studied
syntheses.
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Figure 23. Qualitative results after grinding of 2,2’-bipyridine and metal salts at 1:1,
2:1, and 3:1 ratios. All samples were ground in a stainless-steel vial for 15 minutes.

Reactions of ligands with metal salts are often accompanied by a distinct color
change. Likewise, the observed color changes in the products through grinding
suggest that the ligand has coordinated to the metal center to some degree.
Additionally, when the ratio of ligand to metal is changed for a specific metal salt,
color changes between the products are observed. For example, when the ligand to
metal ratio is adjusted from 1:1, 2:1, to 3:1 using blue-green nickel(II) nitrate, the
observed color varies from gray to purple to pink, respectively, as seen in Figure 24.
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Figure 24. Qualitative observations of products after nickel(II) chloride and 2,2’bipyridine were ground for 15 minutes in stainless-steel vial.

These observations also infer that changes in the coordination sphere of the metal
center are occurring during the grinding process. The changes in the coordination
sphere of the metal are likely due to one or more of the following: 1) coordination of
the ligand to the metal center, 2) addition or removal of water molecule(s), and/or 3)
addition or removal of counter ions. Further analysis would need to be performed on
the samples to gain further insight of the specific structural changes of the complexes.
Solid state infrared spectroscopy and elemental analysis were performed on the
samples to confirm coordination of the ligand and overall stoichiometric ratios.
According to literature, coordination of the ligand has occurred for 2,2’-bipyridine
complexes if changes are observed at either or both 750 cm-1 and 1015 cm-1 in the IR
spectrum for products isolated from solution reactions.31 It was hypothesized that
similar shifts would be expected after mechanical grinding. Shifts in the IR spectra
for the various samples were observed as seen in Figure 25. For example, comparing
the IR spectrum of (Figure 25a.) uncoordinated 2,2’-bipyridine with peaks at 754 cm1

, 994 cm-1, and 1040 cm-1 with the (Figure 25b.) 3:1 ligand to metal salt ratio product

with cobalt(II) chloride hexahydrate, showing two peaks at 736 cm-1 and 766 cm-1.
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a.

b.

c.

d.

e.

f.

g.

Figure 25. Solid state infrared spectrums for a. 2,2’-bipyridine, followed by 2,2’bipyridine coordination compounds complexes at a 3:1 ligand/transition metal ratio for
b. cobalt(II) chloride hexahydrate, c. cobalt(II) nitrate hexahydrate,
d. copper(II) chloride dihydrate, e. iron(III) chloride hexahydrate, f. nickel(II) chloride
hexahydrate, and g. nickel(II) nitrate hexahydrate.
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To investigate coordination of 2,2-bipyridine as the ligand to metal ratio is increased,
solid state IR spectra were obtained for ratios of 1:1, 2:1, and 3:1 (Figure 26).
Inspection of the IR spectra of the cobalt(II) chloride products, as the ligand to metal
ratio is varied, show similar shifts in the regions at 730 cm-1, 760 cm-1 and 1014 cm-1.
Peaks in the region for the uncoordinated 2,2’-bipyridine are not observed. In
conjunction with the observed color changes, it is concluded that the 2,2-bipyridine is
coordinating to the metal center. Similar results are seen with nickel(II) nitrate
products, as the ligand to metal ratio is varied.
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a.

b.

c.

d.

e.

f.

g.

Figure 24. Solid state infrared spectra for a. 2,2’-bipyridine, followed by 2,2’bipyridine coordination compound complexes with cobalt(II) chloride hexahydrate for
b., d., and f., at 3:1, 2:1, and 1:1 ligand/metal ratio, respectively. 2,2’-bipyridine
coordination compound complexes with nickel(II) nitrate hexahydrate for c., e., and g.,
at 3:1, 2:1, and 1:1 ligand/metal ratio, respectively.
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Elemental analysis of the 3:1 metal salt to ligand ratio samples were performed as an
additional confirmatory test to compare composition of samples (Table 4). The
samples were analyzed twice, and then compared to the theoretical composition of the
metal complex. The elemental analysis shows the experimental values are close to the
theoretical values.

Experimental

Metal/Ligand Compound
CoCl2 ● 6H2O with 2,2’-Bipyridine

%C

%H

%N

46.5

4.4

11.0

46.2

4.4

10.8

CoCl2 ● 6H2O with 2,2’-Bipyridine

51.0

5.1

11.9

Co(NO3)2 ● 6H2O with 2,2’-Bipyridine

49.0

4.5

15.3

49.0

4.5

15.2

Co(NO3)2 ● 6H2O with 2,2’-Bipyridine

48.6

4.6

15.1

CuCl2 ● 2H2O with 2,2’-Bipyridine

51.9

4.4

12.4

55.6

4.3

12.9

1.
Theoretical
Experimental
2.
Theoretical
Experimental
3.
Theoretical

CuCl2 ● 2H2O with 2,2’-Bipyridine

56.4

4.4

13.2

Experimental

NiCl2 ● 6H2O with 2,2’-Bipyridine

50.7

5.0

11.8

50.5

5.0

11.9

NiCl2 ● 6H2O with 2,2’-Bipyridine

51.0

5.1

11.9

Ni(NO3)2 ● 6H2O with 2,2’-Bipyridine

49.3

4.4

15.5

49.3

4.3

15.5

49.8

4.5

15.5

4.
Theoretical
Experimental
5.
Theoretical

Ni(NO3)2 ● 6H2O with 2,2’-Bipyridine

Table 4. Elemental analysis on metal coordination complexes. 2,2’-bipyridine was used
to react with metal salts at a 3:1 ratio for 15 minutes in a stainless-steel vial.
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D. EDTA Disodium Salt with Metal Salts
Each metal salt was ground with EDTA disodium salt at a 1:1 ligand to metal salt
ratio, and color changes were observed for most syntheses (Figure 26). The observed
color changes are indicative of changes in the coordination sphere of the metal center
most likely due to coordination of the ligand. Further analysis is needed in order to
support this conclusion.

Figure 26. Qualitative results after grinding of EDTA disodium salt and
metal salts at a 1:1 ratio. All samples were ground in a stainless-steel vial
for 15 minutes.
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E. DTPA with Metal Salts
Each metal salt was ground with DTPA disodium salt at a 1:1 ligand to metal salt
ratio, and color changes were observed for most syntheses (Figure 27). The
observed color changes are indicative of changes in the coordination sphere of the
metal center most likely due to coordination of the ligand. Further analysis is
needed in order to support this conclusion.

Figure 27. Qualitative results after grinding of DTPA and metal salts
at a 1:1 ratio. All samples were ground in a stainless-steel vial for 15
minutes.
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CONCLUSION AND FUTURE WORK
The current research has shown that it is possible to synthesize coordination complexes
by grinding with a ball mill in the absence of a solvent. Observed color changes, shifts in
the solid state IR spectrum and elemental analyses support that sufficient mechanical
energy can be added to mixtures of metal salts and organic chelating agents to induce
changes in the coordination sphere of the metal. These changes are most likely due to the
incorporation of the organic ligand into the coordination sphere of the metal center.32
In some instances, products of different colors resulted when different counter ions were
used with the same metal center/ligand combination. Examples can be seen in Figure 28.

Figure 28. Qualitative observations of products after metal salts
and ligands were ground for 15 minutes in stainless-steel vial.

These results suggest that the counter ion can play a significant role in the
mechanochemical process. Further research is necessary to determine the specific role of
the counter ion in the synthesis of metal complexes with the use of a ball mill.
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Determination of the structure and composition of the inner- and outer-coordination
spheres of the products require additional analysis to be performed. Among the various
techniques which could be used are: 1) thermogravimetric analysis, to determine the
degree of hydration and the nature of the associated waters, 2) X-ray crystallography, to
determine the detailed geometric arrangement of the inner- and outer-coordination sphere
species, 3) UV-Vis spectroscopy, to determine the energy of the d-d transitions and
magnitude of the ligand field, and 4) magnetic susceptibility, to determine the number of
unpaired electrons.33-35
Additional areas could be explored. Sample size could be adjusted to study the effect on
the completion synthesis. Also, milling and grinding have been used as the process for
metal alloying on a large scale on a for many years with much success, but the
application of increasing sample sizes and synthesis across other facets of metal science
has been limited to a smaller scale.36 Applying these techniques could yield larger
quantities of products with a method that is much more time efficient than solution
chemistry.
Other ligands, specifically monodentate, could be a pathway in which future work could
proceed. The type of ligand reacting with the metal salt is also a crucial factor in
determining if a complex will form. Understanding the amount of energy required for
monodentate ligands to coordinate with metal centers through the process of grinding,
especially with limited to no assistance of solvent would be beneficial. Broadening the
types of ligands that can successfully react under mechanochemistry conditions could
increase in number of compounds available to use this environmentally friendly method
of synthesis.
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When comparing both qualitative and quantitative analysis from solution reactions to
those ground in a ball mill, conclusions can be drawn that similar results can be obtained.
Eliminating the role of solvents during chemical reactions could not only lead to safer
reactions, but can reduce the amount of waste, and be more cost-effective throughout
experimentation. If solvents do not have to play the role of an enhancer for reactions to
go to completion, or for helping in extracting or purifying compounds produced, then
methods like mechanical grinding with the use of a ball mill can become a more viable
option in the lab.
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APPENDIX A
12 Principles of Green Chemistry with Brief Descriptions16
1. Prevention - It is better to prevent waste than to treat or clean up waste after it has
been created.
2. Atom Economy – Synthetic methods should be designed to maximize
incorporation of all materials used in the process into the final product.
3. Less Hazardous Chemical Syntheses – Wherever practicable, synthetic methods
should be designed to use and generate substances that possess little or no toxicity
to human health and the environment.
4. Designing Safer Chemicals – Chemical products should be designed to preserve
efficacy of function while reducing toxicity.
5. Safer Solvents and Auxiliaries – The use of auxiliary substances (e.g., solvents,
separation agents, etc.) should be made unnecessary wherever possible and,
innocuous when used.
6. Design for Energy Efficiency – Energy requirements should be recognized for
their environmental and economic impacts and should be minimized. Synthetic
methods should be conducted at ambient temperature and pressure.
7. Use of Renewable Feedstocks – a raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.
8. Reduce Derivatives – Unnecessary derivatization (use of blocking groups,
protection/deprotection, and temporary modification of physical/chemical
processes) should be minimized or avoided if possible, because such steps require
additional reagents and can generate waste.
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9. Catalysis – Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.
10. Design for Degradation – Chemical products should be designed so that at the
end of their function they break down into innocuous degradation products and do
not persist in the environment.
11. Real-Time analysis for Pollution Prevention – Analytical methodologies need to
be further developed to allow for real-time, in-processes monitoring and control
prior to the formation of hazardous substances.
12. Inherently Safer Chemistry for Accident Prevention – Substances and the form of
a substance used in a chemical process should be chosen to minimize the potential
for chemical accidents, including releases, explosions, and fires.
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